Abstract Wherever nanoparticles (NPs) come in contact with a living organism, physical and chemical interactions take place between the surfaces of the NPs and biomatter, in particular proteins. When NP are exposed to biological fluids, an adsorption layer of proteins, a "protein corona" forms around the NPs. Consequently, living systems interact with the protein-coated NP rather than with a bare NP. To anticipate biological responses to NPs, we thus require comprehensive knowledge of the interactions at the bio-nano interface. In recent years, a wide variety of biophysical techniques have been employed to elucidate mechanistic aspects of NP-protein interactions. In this brief review, we present the latest findings regarding the composition of the protein corona as it forms on NPs in the blood stream. We also discuss molecular aspects of this adsorption layer and its time evolution. The current state of knowledge is summarized, and issues that still need to be addressed to further advance our understanding of NP-protein interactions are identified.
Introduction
The use of nanoparticles (NPs) and nanomaterials in general in both scientific (Ye-Qin et al. 2008 ) and commercial applications is continuously expanding Anselmann 2001; OECD 2008; Roco 2008) . As a consequence, there is an unavoidable increasing release and accumulation of NPs in the environment (Handy et al. 2008a; Kreyling et al. 2004; Owen and Depledge 2005; Wiesner et al. 2006) , leading to an unintentional but nevertheless growing human exposure. A profound risk assessment of nanotechnology is overdue (Abbas et al. 2010; Barnard 2006; Keller 2007; Maynard et al. 2006; Nel et al. 2006; Service 2006) , particularly so as the current level of our understanding of interactions of nanomaterials with biomatter is still incomplete (Abbas et al. 2010; Barnard 2006; Keller 2007; Maynard et al. 2006; Nel et al. 2006; Service 2006) , largely due to a lack of mechanistic knowledge (Abbas et al. 2010; Handy et al. 2008b) . Even in the case of intended therapeutic applications of NPs, knowledge of the risk potential is still insufficient (Linse et al. 2007; Lunov et al. 2011 Lunov et al. , 2010 .
In recent years, the interaction of NPs with biological systems has become one of the most intriguing areas of basic and applied research at the interface between the physical and life sciences (Fillafer et al. 2009; Watari et al. 2009 ). As NPs are of similar size as typical cellular components and proteins, they may evade the natural defenses of biological organisms, utilize the endocytosis machinery for intruding cells and, thereby, lead to permanent cell damage (Asha Rani et al. 2008; Lunov et al. 2010) . While many studies have been performed using cell biology or toxicology approaches, recent work has shed light on the molecular aspects of the biological action of NPs. The application of sophisticated techniques of molecular biophysics may facilitate the elucidation of the biomolecular interactions involved and, in the long run, reveal the fundamental factors governing the biological effects of NPs.
Wherever NPs come in contact with biological systems, physical and chemical interactions take place between the surfaces of the NPs and biological components (e.g., proteins, membranes, phospholipids, endocytic vesicles, organelles, DNA, etc.)-the so-called "bio-nano interface." It is well established that, upon the exposure of an organism to NPs, proteins from body fluids bind to NP surfaces (Cedervall et al. 2007a, b; De Paoli Lacerda et al. 2010; Lundqvist et al. 2008; Lynch 2007; Röcker et al. 2009 ), resulting in living systems actually interacting with protein-coated NPs (Cedervall et al. 2007b; Klein 2007 ). This so-called "protein corona" that forms around the NPs (Cedervall et al. 2007b; Klein 2007; Röcker et al. 2009; Treuel et al. 2010) largely defines the biological identity of the NP, and the efficiency of this interaction can be a decisive factor driving the biological response of an organism to NP exposure (Leszczynski 2010 ). Nel and co-authors (Nel et al. 2009 ) have presented an in-depth discussion of the basic physical interactions happening at the bio-nano interface. Table 1 summarizes the relevant forces responsible for the interfacial interactions between nanomaterials and biosystems.
Understanding the formation and persistence of the protein corona is a complex task and of great importance for the elucidation, interpretation, and assessment of the biological effects of NPs. The formation process is essentially a competition of proteins and other biomolecules for binding to the NP surface. The notion of "hard" and "soft" protein coronae has been introduced (Cedervall et al. 2007b) , and it is believed that the "soft" corona forms on short time scales (seconds to minutes) and evolves to a "hard" corona over incubation times of the order of hours (Monopoli et al. 2011 ).
An important aspect of protein adsorption onto NP surfaces is that structural changes of the protein may occur, giving rise to altered protein conformations (Aubin-Tam and HamadSchifferli 2005; Medintz et al. 2004; Roach et al. 2006; Zhou et al. 1997) . Associated with this can be the loss of function (Rodriguez et al. 2005; Vertegel et al. 2004) . Structural changes in the protein upon adsorption onto the NP surface may well lead to the exposure of novel "cryptic" peptide epitopes (Klein 2007; Lynch et al. 2006) , altered function, and/or avidity effects (Cedervall et al. 2007b; Linse et al. 2007; Lundqvist et al. 2008) . When a protein containing cryptic epitopes is denatured on a particle surface, the exposure of new antigenic sites may elicit an immune response (Baron et al. 1999; Brandes et al. 2006) , which, if launched against a self-protein, could promote autoimmune diseases (Nel et al. 2009 ). However, the driving forces and mechanistic details of protein unfolding at NP surfaces remain still elusive (Des Rieux et al. 2006; Liu et al. 2009; Nel et al. 2009; Yan et al. 2009 ). Fortunately, there are many experimental techniques available for studying the structure of proteins in solution and in NP-protein aggregates (Havel 1996) , including circular dichroism (Greenfield 1999; Kelly et al. 2005; Shang et al. 2007 ), Fourier transform infrared spectroscopy (Chittur 1998; Wang et al. 2012; Zhang and Yan 2005) , Raman spectroscopy NPs, Nanoparticles (RS)/surface-enhanced RS (SERS) (Schlücker 2008; Shao et al. 2009 ), and fluorescence spectroscopy (Mátyus et al. 2006; Royer 2006) , size-exclusion chromatography (Carpenter et al. 2010; Mori and Barth 1999; Printz and Friess 2012; Vogt et al. 2008; Wiedenmann et al. 2004 Wiedenmann et al. , 2002 , isothermal titration calorimetry (ITC) (Baier et al. 2011; Nienhaus 2005) , and surface plasmon resonance (SPR) (Cedervall et al. 2007b; Cheng et al. 2011) . Another issue that requires further attention is if and how different NPs are degraded in a biological environment. Degradation may not only remove the protein corona on the NP, it may also modify or remove the original surface functionality, and it may ultimately lead to an exposure of the NP core and even its complete dissolution. These processes can induce toxic effects through the release of molecular species or metal ions into the biological environment. In many cases (e.g., heavy metal ions, silver ions, etc.), the adverse effects of metal ions are well known, and the toxicity of degrading the NPs will generally be a combination of ionic/ molecular toxicity and toxicity aspects related to the particulate nature of the material.
The physical and chemical characteristics of NPs determine their interactions with the surrounding medium by promoting the adsorption of ions, proteins, natural organic materials, and detergents, particle dissolution, or even by allowing the free surface energy to be minimized by surface restructuring (Gilbert et al. 2004; Min et al. 2008; Nel et al. 2009 ). The effect of degradation on these parameters should always be considered whenever the biological impact of the NPs is assessed. These characteristics can also be changed upon protein adsorption and so may influence the internalization by biological systems (Kreyling et al. 2004; Oberdörster et al. 2005b ). In addition, even though the as-synthesized NPs may be rather insoluble in aqueous solvents, interactions with proteins may dramatically change this behavior. Detailed knowledge of the mechanistic steps involved in these processes is still scarce (Geiser et al. 2005; Rothen-Rutishauser et al. 2005) .
The overall protein concentrations in typical body fluids (e.g., blood, lung, gut) and intracellular environments can be as high as 0.35 gmL -1 (Klein 2007) . These fluids may contain more than 3,000 different proteins (Jeong et al. 2009 ) at widely differing concentrations. While highly abundant proteins will likely dominate the protein corona at early times after exposure, proteins with a lower abundance but higher affinities might prevail on longer time scales (Cedervall et al. 2007b; Nel et al. 2009 ).
In this brief review, we present recent findings on the composition of the protein corona in human blood plasma. We also focus on its time evolution and the mechanistic aspects of its formation. Finally, the current level of understanding is discussed, and remaining issues as well as open questions are identified.
Composition of the protein corona
To understand the mechanistic aspects of protein corona formation, knowledge of the composition of the protein corona and the factors governing its formation within the physiological context is required. NPs intended for biomedical applications are frequently administered by intravenous injection and thus exposed to blood. In a recent work, Tenzer and co-workers (Tenzer et al. 2011 ) determined the detailed composition of the strongly bound, "hard" protein corona upon exposure of the NP to blood plasma. To achieve this, they exposed monodisperse amorphous silica nanoparticles (SiNPs) to blood plasma and subsequently quantitatively analyzed the proteins associated with the SiNPs using liquid chromatography mass spectrometry (MS), one-and two-dimensional gel electrophoresis, and immunoblotting the composition of the protein corona. To observe a possible effect of NP size, they used SiNPs with three different diameters (20, 30, and 100 nm). Figure 1 shows the SiNP-specific protein signatures identified by quantitative MS with a classification of proteins by their calculated isoelectric point. Negatively charged proteins (pI<7) preferentially bound to the SiNPs at pH 7.3, i.e., the physiological pH of blood plasma (Fig. 1a, b) . Moreover, proteins with high molecular mass were significantly enriched on the NP surfaces, whereas proteins with a low molecular mass were less abundant than in the plasma (Fig. 1c, d ).
Further analysis revealed that the binding of 37% of the identified corona proteins was significantly affected by particle size. Even a change in particle size from 20 to 30 nm was observed to significantly influence the composition of the NP corona. There were proteins with enhanced binding to larger (100 nm) SiNPs (e.g., prothrombin or the actin regulatory protein gelsolin), but also proteins with higher affinities for smaller (20 nm) particles (e.g., clusterin). However, the adsorption of many proteins, including immunoglobulin (IgG) or actin showed no dependence on NP size. These results study clearly show that a single physical parameter, i.e., the particle size, can affect the composition of the protein corona around chemically identical particles and underline the complexity of protein corona formation.
The composition of the protein corona around silica NPs and, for comparison, sulfonated polystyrene NPs, has also been studied by Monopoli and co-workers at different plasma concentrations (Monopoli et al. 2011) . By using differential centrifugal sedimentation, dynamic light scattering, and zetapotential measurements, these researchers analyzed protein corona formation both in situ, i.e., in the presence of plasma, and after spinning down, separating, and washing the NPprotein complexes. They also semi-quantitatively determined the hard corona composition using one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrospray liquid chromatography-tandem MS. They reported that the structures of the NP protein complexes from in situ studies were almost identical to those found in vitro after isolation from excess plasma, indicating a high biological relevance of the in vitro findings. Interestingly, an essentially complete NP surface coverage with proteins was inferred even at very low plasma concentrations. The authors claimed that protein binding was essentially irreversible on the time scale of their experiments, although a progressive displacement of proteins with a lower affinity in favor of those with a higher affinity was also suggested. Apparently, a detailed physicochemical picture of protein adsorption is direly needed to further our understanding of the temporal aspects of protein corona formation, i.e., which processes are irreversible and which are in dynamic equilibrium on the relevant time scales.
The time evolution of the protein corona
To address the intriguing problem of the time dependence of protein corona formation, Lundqvist and co-workers (Lundqvist et al. 2011 ) studied the evolution of the protein corona following the transfer of silica, polystyrene, and carboxyl-modified polystyrene NPs from plasma to cytosolic fluid. They reported a significant evolution of the corona on time scales of seconds. However, not all proteins were exchanged, and they concluded that the final corona contains a "fingerprint" of its history, an effect they suggested could be employed to trace biological transport of NPs.
The "hardening" of the protein corona, i.e., the development from a reversible to an irreversible adsorption layer, has also been investigated by Casals and co-workers (Casals et al. 2011) . These researchers monitored the tendency of a variety of inorganic NPs (Au, Ag, Fe 3 O 4 , CoO, and CeO 2 ) to adsorb proteins from serum-containing cell culture medium. Based on their measurements of surface charge, hydrodynamic diameter and the red shift of SPR spectra, they reported the formation of an "irreversible coating" or "hard" corona on Au and Ag NPs. Moreover, they probed a number of biological and toxicological implications of protein corona formation by exposing cells of the human monocytic cell line THP-1 to CoO nanoparticles, observing that the production of reactive oxygen species was decreased if the nanoparticles were preincubated with serum for 48 h. They also studied the time Fig. 1 Composition of the protein coronae on silica nanoparticles (SiNPs) identified by quantitative mass spectrometry. Proteins were classified by their isoelectric points (pI) as calculated from the sequence information (a, b) as well as their molecular mass, or weight (MW) (c, d). a, b At pH 7.3 (pH measured in plasma) SiNPs preferentially bound negatively charged proteins (pI<7). Proteins with pI<5 were enhanced in the protein corona, independent of particle size, as compared with plasma. c, d A distinct, protein size-dependent particle binding pattern was absent. Proteins with low molecular mass were less abundant in the corona than in the plasma, whereas large proteins which were almost undetectable in plasma were significantly enriched in the corona. The observed patterns remained unchanged when the most abundant plasma protein, human serum albumin (HSA; b, d), was omitted from the data analysis. (Figure reproduced with kind permission from Tenzer et al. 2011) evolution of the protein corona around Au NPs with diameters of between 4 and 40 nm (Casals et al. 2010 ) and reported a "hardening" of the protein corona over time, accompanied by an increase of its thickness and a decrease of the net surface charge. An interesting aspect of this work was an increase in NP size following the mixing of NPs coated with a hard corona with bovine serum albumin-specific antibodies, whereas such an effect was absent upon the addition of a control antibody. This finding clearly shows the presence of albumin on the NP surface that is still capable of presenting a native epitope. Apparently, protein structural changes upon absorption were limited so that an antibody was still able to recognize its epitope.
Overall, the present state of knowledge suggests that further biophysical studies are needed with a higher time resolution to reveal the mechanistic details of the initial formation of the protein corona and its evolution over time. Importantly, changes in the structure of the proteins that occur upon adsorption to the NP surface have to be elucidated, including their time dependence. This knowledge is also important to assess the biological responses to NP exposure.
Mechanistic aspects of protein corona formation
Both the causes and effects of protein corona formation can only be thoroughly understood within a physicochemical framework on the molecular level. Experimental studies revealing the complex composition and time evolution of the protein corona in biological media are often descriptive and fall short of elucidating the mechanistic aspects responsible for the observed effects. Thermodynamic and kinetic studies of protein adsorption to NPs are required to understand the forces driving the process. To this end, a number of studies have been performed recently that shed light on the mechanisms responsible for forming and shaping the protein corona.
Shang and co-workers (Shang et al. 2009 ) studied the structure, thermodynamic and kinetic stability, and activity of cytochrome c (cyt c) on silica nanoparticles and provide evidence that the structure, function, and stability of cyt c adsorbed onto silica NPs strongly depend on NP size. Cedervall et al. (2007b) introduced ITC as a suitable methodology for studying the affinity and stoichiometry of protein binding to a series of copolymer NPs if varying size and hydrophobicity. These researchers reported a strong dependence of protein adsorption on particle surface characteristics and size, but also noticed a strong protein specificity. They found higher association and dissociation rates for albumin and fibrinogen than for apolipoprotein A-I (ApoA-I) and various other plasma proteins. For albumin, they found shorter residence times on the more hydrophobic particles than on the more hydrophilic ones. A higher degree of surface coverage was observed on hydrophobic particles at equilibrium.
Nienhaus and co-workers quantitatively analyzed the adsorption of human serum albumin (HSA) onto small (diameter 10-20 nm) polymer-coated, fluorescence-labeled FePt and CdSe/ZnS NPs displaying carboxyl functions on the surface (Röcker et al. 2009 ). Using fluorescence correlation spectroscopy (FCS), they measured the thickness of the HSA corona formed around these NPs with sub-nanometer precision. Their result, 3.3 nm, confirmed that a single protein monolayer formed around the NP (Fig. 2) . Apparent binding affinities associated with the NP-protein interaction were determined based on the response of the corona thickness to varying HSA concentration; the dissociation coefficients were found to be in the micromolar concentration range. Interestingly, HSA binding occurred with an anti-cooperative binding curve. Determination of these apparent binding affinities (transition midpoints) is very useful since these coefficients allow the strengths of the interactions between proteins and NPs to be quantified and data from different experimental techniques to be compared. However, a word of caution is in order here. These parameters are not proper equilibrium coefficients or affinities because the adsorption layer-or at least a significant fraction of it-is persistent and thus not appropriately described by a binding equilibrium. The fact that the protein concentration dependence of corona formation (Fig. 2) resembles an equilibrium binding curve when, in fact, it is not an equilibrium process is presently still a conundrum.
The Nienhaus group recently extended their FCS studies to various other important plasma proteins. Transferrin was shown to bind to negatively charged FePt NPs with an affinity of approximately 26 μM (Jiang et al. 2010 ). The transferrin monolayer had a thickness of 7 nm. As for HSA, this value can be related to the molecular dimensions of the protein molecule as inferred from the crystal structure. By using Röcker et al. 2009) confocal laser scanning fluorescence microscopy, the uptake of bare FePt NPs by live human cancer (HeLa) cells was compared to that of FePt NPs carrying a transferrin or HSA layer. The protein corona led to a significant reduction of the amount of NPs on the cell surface and in the cellular interior with respect to bare particles.
In a subsequent study, Maffre et al. (2011) employed a refined version of FCS, i.e., dual-focus (2f)FCS, to measure the adsorption of two human blood serum lipoproteins (ApoA-I and ApoE4) and, for reference, HSA, onto negatively charged FePt NPs carrying carboxyl groups on their surface. The formation of a protein corona was observed for all three proteins. The apparent binding affinities were observed to spread over almost four orders of magnitude, ranging from 0.021 μM for ApoE4 to >9.9 μM for HSA and to 140 μM for ApoA-I. An intriguing novel aspect of this work was the attempt to explain both the binding affinities and the monolayer thicknesses based on the known structural properties of the proteins (Fig. 3) . The absolute increase in hydrodynamic radius due to corona formation was found to be well correlated with the molecular shapes of the proteins known from X-ray crystallography and solution experiments. The electrostatic properties of the proteins were computed by structure-based calculations of the surface potentials, and the ensuing analysis showed that the binding affinities were not governed by the net charge of the protein. Instead, they appear to be related to the presence of positively charged patches on the protein surface. From the locations of these patches, it was possible to qualitatively deduce the specific orientations of the corona proteins for optimal electrostatic interaction between the positively charged patches on the proteins and the negatively charged, carboxylated surfaces of the NPs. Binding in these orientations led to a protein corona with a thickness compatible with the observed increase in NP size. The intriguing revelation of a close structure-affinity relation by this work opens up a promising perspective for a better understanding of NP-protein interactions at the molecular level and, ultimately, even to a predictability of biological responses.
The physical and chemical nature of the NP surface controls not only the type of biomolecules interacting with it but also the strength of this interaction. Consequently, the effect of the chemical surface composition of the NPs on protein corona formation is an important issue. With a view toward biotechnology applications, it is of paramount interest to identify surface properties that can enhance or diminish the ability of NP surfaces to interact with proteins and other biomolecules. These properties mediate NP access to cells because it is the protein corona through which the cells initially interact with the NPs. Treuel et al. (2010) used circular dichroism (CD) spectroscopy to study the thermodynamic and structural aspects of NP-protein interactions. A fundamental aspect of this work has been the elucidation of the influence of the surface composition of NPs on their interaction with proteins. These researchers determined dissociation constants for the interaction of serum albumin with citrate-coated Ag and Au NPs as well as polyvinylpyrrolidone-coated Ag NPs and polystyrene NPs (Treuel et al. 2010) . Their results show apparent binding affinities stretching over three orders of magnitude, depending on the surface composition of the NPs, and underline the importance of the original surface functionality of the NPs, which determines the interaction with the adsorbed proteins. Moreover, their study emphasizes that the persistence of the surface functionality is an important parameter affecting protein corona formation in the physiological context. Only a stable molecular surface functionality on the NP surface under physiological conditions will be able to play a significant role in shaping the in vivo protein corona. Shang et al. (2011a) recently measured protein adsorption onto ultra-small (diameter 1.4±0.3 nm) Au nanoclusters (NCs) (Shang et al. 2011b, c) coated with dihydrolipoic acid (DHLA). They showed that protein binding resulted in a substantial increase in the fluorescence intensity of the NCs. Utilizing this effect, they measured the apparent binding affinities of four different proteins (HSA, transferrin, lysozyme, ApoE4) to their Au NCs (Fig. 4) . All proteins were observed to bind with roughly micromolar apparent affinities
. An interesting aspect of their results is the observation of Hill coefficients n>1 for their binding curves. However, this parameter may not necessarily reflect cooperativity because the experimental readout, namely, the fluorescence intensity, may not be proportional to the fraction of protein ligands bound to the NPs.
Current situation and outlook
Overall, the current state of knowledge indicates an urgent need for further biophysical studies of protein adsorption to engineered NPs on the molecular level. Experiments providing higher time resolution may help to unravel the mechanistic details of the initial formation of the protein corona and its evolution over time. The evolution from a weakly bound, or "soft", to a "hard" protein corona in particular needs a mechanistic explanation. Also, the effects of the protein adsorption process on the protein structure and its possible time dependence has to be elucidated in more detail to better understand the biological effects of NP exposure.
In the future, the development of the protein corona under complex biological conditions, with proteins exchanging with a multitude of competing proteins, needs to be addressed. Large gaps still exist in our understanding of the fundamental physicochemical aspects of corona formation; however, even larger gaps exist in applying this knowledge to a realistic biological situation. Overall, the consequences of the protein corona and, hence, its properties on the biological behavior of NPs are still elusive and still poorly understood (Casals et al. 2010; Chithrani and Chan 2007; Ehrenberg et al. 2009; Oberdörster 2010) . The surface properties of NPs can influence their cytotoxicity as well as their intracellular fate (Nativo et al. 2008) , and the dependence of the cytotoxicity of NPs on size (Pan et al. 2007 ) and surface coating (Goodman et al. 2004; Harris et al. 2001; Niidome et al. 2006 ) has also been described in the literature (Abbas et al. 2010; Maynard et al. 2006; Oberdörster et al. 2005a; Poland et al. 2008) . It has also been observed that NPs can translocate from the tissue where they have been absorbed to other target tissues, further adding to the complexity (Abbas et al. 2010; Oberdörster et al. 2005a; Semmler-Behnke et al. 2007 ).
The first examples of correlations between protein corona formation and biological responses have been shown. For example, immunoglobulin binding has been shown to lead to particle opsonization, thereby promoting receptor-mediated phagocytosis (Owens and Peppas 2006) . Decreased protein absorption on injected polyethylene glycol-coated particles was found to lead to longer circulation times in the vascular system and altered bio-distribution (Kah et al. 2009; Owens and Peppas 2006) . It has also been proposed that, because the proteins constituting the corona may be transported with the NPs across membranes, these proteins appear in biological compartments where they would normally not be present (Klein 2007) .
Current findings underline the dependence of the composition of the protein corona in biological fluids on surface properties of the NPs. However, it is likely that some of the original surface properties may be modified in the biological environment, thereby illustrating the importance of the persistence of NP surface functionalities under biological conditions: only stable surface coatings can shape the formation of the "hard" corona by resisting removal from the surface in the early stages of corona formation.
While the surface properties of the NP and thereby also the protein corona will affect the uptake yield and delivery to certain cells and compartments, many particles will be decomposed on longer time scales. In fact, the biological action of internalized NPs may also result from the decomposition of its core, which is largely independent of surface functionality. Various studies of Ag NPs with and without polymer surface coatings have revealed that the formation of the protein corona strongly depends on the surface coatings around these NPs (Treuel et al. 2010) , while their severe cytotoxicity arises from the release of Ag ions (Greulich et al. 2009; Kittler et al. 2010a, b) .
While recent years have witnessed considerable progress toward a better understanding of the interactions at the bionano interface, there are still many open questions that need to be answered before the biological responses to NP exposure can be predicted. This knowledge, however, is necessary for a beneficial and safe use of nanomaterials in science and technology.
